Bending deformation behavior of Ni-based directionally solidified (DS) and single crystal (SC) superalloys was studied. For a DS superalloy, bending creep curves at 800, 850 and 900 O C were obtained. As a result, the stress exponents for the steady-state creep displacement rates of the bending creep were found to show the almost same values as those for the steady-state creep strain rates of the tensile creep. It was also confirmed that activation energy for the bending creep corresponded to that for the tensile creep within the temperature range of this study.
Introduction
Bending deformation behavior of Ni-based directionally solidified (DS) and single crystal (SC) superalloys was studied. For a DS superalloy, bending creep curves at 800, 850 and 900 O C were obtained. As a result, the stress exponents for the steady-state creep displacement rates of the bending creep were found to show the almost same values as those for the steady-state creep strain rates of the tensile creep. It was also confirmed that activation energy for the bending creep corresponded to that for the tensile creep within the temperature range of this study.
It can be concluded from these results that the bending creep behavior of DS superalloys can be deduced from the simple tensile creep test data because the correspondence of the deformation mechanism between the bending and the tensile creep was proven.
Uniaxial tensile deformations such as creep have been extensively characterized for Ni-based directionally solidified (DS) and single crystal (SC) superalloys. However, only few studies [1] [2] have been reported concerning bending deformation behavior of Nibased DS and SC superalloys. It can be considered as very important to characterize bending deformation behavior of Nibased superalloys used for gas turbine components because bending stresses are often observed in some critical portions of gas turbine blades and vanes. The representative example is the tip shroud [3] . The longer blades tend to be equipped with the tip shroud in order to effectively reduce gas leakage and increase high cycle fatigue margin on fundamental modes such as 1 st bending. The overhanging of the shroud causes a relatively high bending stress at the fillet which has become to be exposed to more severe circumstances due to the increase in gas-firing temperature of modern gas turbines. For reasons mentioned above, precise investigations of bending deformation behavior of Ni-based DS and SC superalloys have been required.
For a SC superalloy, notable secondary orientation dependence of the steady-state creep displacement rates was observed at 750 O C/950MPa. The specimen, whose slip system caused the 45 O -shear-type slip, exhibited apparently faster creep displacement rate than the specimen, whose slip system caused the hinge-type deformation, even if their tensile/compressive directions were same. At 982 O C/294MPa, secondary orientation dependence of the creep displacement rates was not significant while [011] specimens showed higher creep resistance than [001] specimens. The microstructural observations after bending creep tests provided interesting results that one type of raft-like microstructure observed in the tension side of [011] specimens was also found in the compression side of [001] specimens and another type of raft-like microstructure observed in the compression side of the [011] specimens was also found in the tension side of the [001] specimens.
Experimental
A commercial 2 nd generation DS superalloy CM186LC ® [4] was used to investigate bending deformation behavior of a DS superalloy while a low angle grain boundary resistant SC superalloy YH61 [5] was used to examine that of a SC superalloy. The nominal compositions of these alloys are listed in Table 1 and the heat treatment conditions used in this study for each alloy are shown in Figure 1 . Figure 4 Relationship between the alignment of a specimen and solidification direction of a DS slab Figure 1 Heat treatment conditions used in this study for CM186LC and YH61 Apparatus for the bending test and the loading configuration are described in Figures 2 and 3 , respectively. Four point bending tests were performed by using a tensile creep machine installed a bending device machined from a YH61 DS bar.
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The rods machined from a YH61 SC casting were used for the load-points and the load-point displacements p were continuously monitored until apparent steady-state creep was observed. There is stress gradient in the specimen during the bending test and the upper and lower main surfaces are subjected to the maximum-compressive and the maximum-tensile uniaxial-stresses, respectively, while stress of the central plane, which corresponds to the neutral plane, is zero. Moreover, the stress redistribution may occur by the stress gradient. Therefore, unless otherwise specified, the stress of bending creep test conditions is represented by the initial stress (elastic stress) e on the lower main surface.
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[101] The shape of the standard test specimens was a plate whose dimension was 60 mm length x 10 mm width x 3 mm height. The standard DS specimens were machined from DS slabs in order to align the longitudinal direction parallel to the DS-transverse direction and the main surface perpendicular to the DS growth direction as shown in Figure 4 . Four kinds of SC specimens were prepared to examine the effects of primary (longitudinal direction of the specimen) and secondary (transverse direction of the specimen) orientations on the steady-state creep displacement rate. The crystallographic orientations for these plates are described in Figure 5 . For DS specimens, their relationship between the crystallographic alignment and direction of the external force (centrifugal force) corresponds to the relationship observed in the shroud fillet of actual DS blades. In the case of four kinds of SC specimens, the specimens A and B are probable configuration in the shroud fillet of actual SC blades. Although specimens C and D are not possible crystallographic alignment in the shroud fillet of actual SC blades, they were studied for the purpose of examining the bending deformation phenomena of representative crystallographic orientations of Ni-based SC superalloys. Moreover, complicated thermal stress may cause bending deformation of these crystallographic alignments at some portions. Bending creep tests were performed at temperature range between 750 and 982 O C and stress ( e ) range between 294 and 950MPa. The load-point displacements p were continuously monitored until the steady-state creep rates were clearly determined and then tests were terminated before the accelerated creep or the rupture were observed.
Results and Discussion
Bending creep of DS specimens Figure 6 shows typical bending creep curves for CM186LC DStransverse direction at 800, 850 and 900 O C. It is well known that the steady-state creep behavior can be described by Norton's law in a form c = A· n , where c is steady-state creep strain rate, is applied stress, A and n are experimental coefficients. For the tensile creep behavior of Ni-based superalloys, extensive studies have been carried out to determine the power-law creep parameters because they are necessary to predict the high temperature component life precisely. In this study, the powerlaw creep parameters for the bending creep of a Ni-based DS superalloy were examined in order to establish the lifetime prediction method concerning the bending creep behavior of DS superalloys. Chuang [6] studied how to estimate the power-law creep parameters for tensile and compressive creep of ceramic materials from four point bending creep test data. Assuming that the parameters A and n for the objective material show almost same values, respectively, in both compression and tension sides, the paper shows that the steady-state creep strain rate for the lower main surface bc can be calculated from the steady-state creep displacement rate p by the following equation:
and the stress on the lower main surface after the stress redistribution s can be described by s = e (2n+1) / 3n ---(2) where h is the height of the specimen, L is major and l is minor spans, respectively. On the lower main surface, the following equation stands up:
From the above equations, relationship between the steady-state creep displacement rate p and the initial stress e can be described by the following equation:
where L, l and h are constant in this study, therefore the equation (4) can be modified to a more simple form: More extensive investigation was carried out about comparison of deformation mechanism between the bending and the tensile creep. By using the stress exponent determined in Figure 7 (a), the power-law creep parameters of the equation (3) for the bending creep at 900 O C were calculated. The result is described in Figure  8 compared with those obtained from tensile creep tests. It is found from Figure 8 that the steady-state creep strain rates for the lower main surface of the bending creep tests were quite similar to those for the tensile creep tests and also the stress exponents for both the bending and the tensile creep tests were almost of same value, about 7, while a small difference was observed for the A value. Whereas Chuang [6] concluded the above equations cannot apply to the calculation for the parameters of ceramic materials due to their tension/compression asymmetry of the parameters, the correspondence of the parameters between the bending and the tension in CM186LC DS indicates that the tension/compression asymmetry for CM186LC DS at 900 O C is almost negligible and therefore the equations can apply to the calculation for the powerlaw creep parameters of the bending creep after the slight modification.
More extensive investigation was carried out about comparison of deformation mechanism between the bending and the tensile creep. By using the stress exponent determined in Figure 7 (a), the power-law creep parameters of the equation (3) for the bending creep at 900 O C were calculated. The result is described in Figure  8 compared with those obtained from tensile creep tests. It is found from Figure 8 that the steady-state creep strain rates for the lower main surface of the bending creep tests were quite similar to those for the tensile creep tests and also the stress exponents for both the bending and the tensile creep tests were almost of same value, about 7, while a small difference was observed for the A value. Whereas Chuang [6] concluded the above equations cannot apply to the calculation for the parameters of ceramic materials due to their tension/compression asymmetry of the parameters, the correspondence of the parameters between the bending and the tension in CM186LC DS indicates that the tension/compression asymmetry for CM186LC DS at 900 O C is almost negligible and therefore the equations can apply to the calculation for the powerlaw creep parameters of the bending creep after the slight modification. Activation energies for the bending and the tensile creep were also examined. Figure 9 shows arrhenius plots for steady-state creep displacement rates of the bending creep and steady-state creep strain rates of the tensile creep. Linear relationships were observed between ln ( p ) and 1/T as well as ln ( c ) and 1/T. Activation energy for the tensile creep was 506kJ/mol which almost equivalents to that for Mar M200 (557kJ/mol [7] and 628kJ/mol [8] ) and CMSX-3 (495kJ/mol [9] ). They are generally accepted values for higher ' containing superalloys, although Activation energies for the bending and the tensile creep were also examined. Figure 9 shows arrhenius plots for steady-state creep displacement rates of the bending creep and steady-state creep strain rates of the tensile creep. Linear relationships were observed between ln ( p ) and 1/T as well as ln ( c ) and 1/T. Activation energy for the tensile creep was 506kJ/mol which almost equivalents to that for Mar M200 (557kJ/mol [7] and 628kJ/mol [8] ) and CMSX-3 (495kJ/mol [9] ). They are generally accepted values for higher ' containing superalloys, although 
Bending creep of SC specimens
The notable secondary orientation (transverse direction of the specimen) dependence of the steady-state creep displacement rates was observed in the bending creep tests of YH61 SC specimens. Figure 11 shows bending creep curves at 750 O C/950MPa for the four kinds of specimens with different crystallographic arrangements shown in Figure 5 . Although the specimens A and D have the same tensile/compressive direction of [011] , which corresponds to the longitudinal direction of the specimens, the steady-state creep displacement rate for the specimen A was apparently faster than that for the orientation D. In the case of tensile/compressive direction of [001], the specimen B also showed apparently faster creep rate than the specimen C. It should be noted that the secondary orientation dependence of the steady-state ercreep strain rate cannot be observed in the normal tensile creep tests when round bar specimens are used. The different arrangements of the slip system in these four kinds of specimens can be considered to cause this significant secondary orientation dependence of the deformation in the case of bending creep tests. The arrangements are illustrated in Figure 5 by assuming that the {111}<101> slip system could operate.
It can be concluded from these results that the bending creep behavior of the CM186LC DS-transverse direction can be deduced from the simple tensile creep test data because the correspondences of the power-law creep parameters and the activation energy between the bending and the tensile creep were proven. However, as mentioned above, it should be noted that this method might be invalid when the tension/compression asymmetry for the power-low creep parameters is significant. The tension/compression asymmetry could be reduced by the increase in multiplicity of slip systems. Although the temperature range that CM186LC shows the tension/compression symmetry is not certain, the temperature to which the shroud fillet is exposed can be considered as sufficiently higher than the temperature that can allow the multiplicity of slip systems to increase for CM186LC. Therefore, the data obtained and the equations demonstrated in this study could be applied to estimate the deformation of shrouded DS blades. The reason why Chuang [6] observed significant tension/compression asymmetry for ceramic materials can be considered that the test temperature 1100 O C would be lower than the temperature that can allow the multiplicity of slip systems to increase for ceramic materials.
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It should also be noted that A' in the equation (5) depends on L, l and h. In order to confirm the universality of the equation (5), the effect of specimen height on the load-point displacement p was examined ( Figure 10 ). Unlike the tensile creep, in the case of the bending creep, p is varied depending on the specimen height even if e is same value. However unknown p for a certain specimen height can be easily calculated from already known p for another specimen height by considering the ratio of their specimen heights. It is found from Figure 10 that the calculated curves for specimen heights of 4 and 5mm from 3mm data show good agreement with the actual experimental data. This result makes it clear that the data obtained and the equations demonstrated in this study can be applied to other specimen shapes and other span lengths. shows slip trace lines on the lower main surface observed for these specimens. Please note that the observations were performed to the specimens after the bending test at room temperature in order to avoid oxidation. It can be thought that same slip system could operate in both the bending test at room temperature and the bending creep test at 750 O C. It is found from Figure 12 that slip trace lines corresponding to (1 11) plane was only observed for the specimen A while those corresponding to (111) and (1 11) were observed for the specimen D. It can be considered from these observations that the 45 O -shear-type slip operated in the specimen A whereas the hinge-type slip operated in the specimen D depending on their different arrangements of the slip system. As Kakehi pointed out [10] , the hinge-type deformation requires contraction of the transverse direction in the tension side of the specimen, while it also requires expansion of the transverse direction in the compression side of the specimen, therefore this type of deformation could be constrained. However, the 45 O -shear-type slip could not be constrained. This plastic anisotropy peculiar to the SC plate can be considered to cause the difference of creep rates between the specimens A and D while their tensile/compressive directions are the same. In the comparison between the specimens B and C, (1 11) and (11 1) planes were observed for the specimen B while (11 1), (1 11) and (11 1) were observed for the specimen C. In the case of the specimen C, it could be expected that the slip system on (11 1) is the only operative slip system because the slip system on (11 1) could not be constrained while the slip system on ( 1 11) and (11 1) could be constrained for the reasons mentioned above. However, operation of the slip system on (1 11) and (11 1) was also observed for the specimen C. The evidence for the operation of the constrained slip system can be considered as one of the possible reasons why the specimen C showed higher bending creep resistance than that shown by the specimen B. This result also agrees with investigation reported by Kakehi [11] .
The investigation shows the specimen corresponding to the specimen C of this study exhibits higher tensile strength than the specimen corresponding to the specimen B of this study in the notched tensile test at 700 O C. The evolution of microstructure such as raft-like microstructure in SC superalloys is one of the major concerns in this field. Although Ignat et al. [2] already showed the microstructural evolution of the bending crept specimen whose orientation corresponds to the specimen C of this study, morphological changes of ' phases were investigated for these four kind of specimens after the 982 O C/294MPa tests. Secondary electron images and corresponding schematic representations of the ' morphology are described in Figure 16 . In the case of the specimen A whose tensile/compressive direction was [011], two types of plates, which were normal to [001] and [010], respectively, were observed in the tension side. Their coalescence was observed on two {100} planes parallel to the stress axis and also two opposite {100} planes, which were spaced at angle of 45 O to the stress axis. As expected, ' phases remained cuboidal shape near the neutral plane because both tensile and compressive stresses were equal to zero on the neutral plane. In the compression side, one type of well-elongated ' plates were observed. They were normal to [100] and their growth direction was parallel to the stress axis. It is perpendicular to raft-like microstructures often observed in the [001] tensile creep tests.
[100] X In the case of the specimen D, while its secondary orientation corresponded to the orientation rotated from that of the specimen A by 90 O , developed microstructure after the bending creep test also corresponded to the one rotated from that of the specimen A by 90 O in both the tension and compression sides. This result indicates that the arrangement between the slip system and developed microstructure during creep tests was constant when the secondary orientation was rotated. Therefore, microstructural evolution can be considered to show no influence on the secondary orientation dependence of the deformation in this condition, although no dependence was actually observed. In the case of specimens B and C whose tensile/compressive directions were [ [13] showed tensile stress for [011] specimens of Udimet 700 caused ' bars perpendicular to the stress axis while two types of plates were observed for the tension side in the specimens A and D. A same kind of difference was observed for microstructure of [001] specimens after compressive creep. Compressive stress for [001] specimens of Udimet 700 was reported to cause ' bars parallel to the stress axis while two types of plates were observed for the compression side in the specimens B and C. The difference observed for compressive stress of [001] specimens is that {100} planes, which were parallel to the stress axis, coalesced or not in addition to the coalescence on {100} planes perpendicular to the stress axis. YH61 required the coalescence of the two opposite {100} planes parallel to the stress axis in addition to the two {100} planes perpendicular to the stress axis; therefore, ' plates were developed. In the case of Udimet 700, two {100} planes perpendicular to the stress axis were only required to coalesce; therefore, rods parallel to the stress axis were developed. These results indicate that, in the case of YH61, the elastic misfit of {100} planes parallel to the stress axis could not be fully relaxed by the compressive strain due to its higher positive lattice misfit (about 0.3% at room temperature [5] ); therefore, {100} planes parallel to the stress axis were required to coalesce. On the other hand, in the case of Udimet 700, the elastic misfit of {100} planes parallel to the stress axis could be relaxed by the compressive strain due to its lower positive lattice misfit (0.02% at room temperature [13] ); therefore, {100} planes parallel to the stress axis did not need to coalesce. Although more extensive discussion should be required to reveal the correct mechanism which causes the difference of the developed microstructures between YH61 and Udimet 700, the difference of the lattice misfit between both two alloys can be considered as one of possible causes of the difference as discussed above.
Finally, it should be noted that the specimens A and B are the probable orientations in the actual shrouded blades; however, the steady-state creep displacement rate for the specimen B was about 4 times faster than that of the specimen A at 982 O C/294MPa. This result indicates that secondary orientation control of the SC blades may be important to maximize life of SC blades.
Summary
Bending deformation behaviors of Ni-based directionally solidified (DS) and single crystal (SC) superalloys were studied. 
